Superparamagnetic behavior is investigated for Fe grown at 700 K onto Mgo(001) to a thickness equivalent to that of a ten monolayer film. Two such Fe deposits separated by a 200-A deposit of MgO exhibit a ferromagnetic response with no hysteresis at either 300 or 150 K, but with identical reduced magnetization curves M(H/T) which confirms the existence of superparamagnetism.
M(H) data at 300 K were fitted to a Langevin function to yield an average particle size of 100 A diameter. M(T) for field-cooled and zero-fieldcooled samples shows behavior characteristic of superparamagnetic particles with a distribution in particle size.
Time-dependent remanent magnetization data measured over a 20 h period at various temperatures show nonexponential decay attributed to the distribution in particle size and interactions among the particles.
I. INTRODUCTION
In recent years, the phenomenon of superparamagnetism in a system of small ferromagnetic particles has attracted much attention' due to its relevance both in technological applications as well as in understanding the fundamental physics. Technologically, as the density of magnetic information-storage devices increases, the size of the ferromagnetic region approaches the superparamagnetic limit.
Therefore, it is important to understand the thermal characteristics of the magnetization switching behavior in order to achieve higher, but stable, recording densities. From the fundamental point of view, the relaxation and switching behavior of a system of small, single-domain ferromagnetic particles is not well understood, partly because of the complicated nature of the interactions among the particles.
Also, a particle size distribution that is inevitably introduced in the materials-preparation process further complicates the situation because the switching time or relaxation time depends on particle size. It was recently reported that, even for an isolated, single-domain ferromagnetic particle (i.e., no size distribution or interactions) the relaxation behavior does not follow expectation. Quantum tunneling phenomena are also possible in small magnetic particles, ' and this can further embelish the physics at low temperatures and introduce temperature-independent processes to consider. Superparamagnetism' and the lack of hysteresis in the magnetization curve are well known. The theoretical treatment developed for ordinary paramagnetism can be extended whereby the Langevin function 1 L(x) = cothx --, x where x = p.HlkBT, is used, but with a value for the moment p, that is perhaps of order 10 times the atomic moment.
In the presence of an external magnetic field that is strong enough to overcome the anisotropy energy barrier AF. , the magnetization direction of a single-domain particle aligns with the field. At time t after the field is abruptly removed, there is a finite probability that the magnetization has overcome the energy barrier and flipped due to thermal Auctua- negligible. In the presence of interactions the local fields may be different than the applied fields, which could alter the above estimate of the effective moment. Even though it is difficult to determine particle size accurately in this way, ' it is still a useful exercise to obtain an idea about the approximate size. Figure 3 is the variation of magnetization with temperature for two different initial conditions. The curve denoted Fc (field cooled) is for a sample initially cooled to 5 K in the presence of a 5-Oe applied field, and for which the magnetization was measured in the same field as the temperature is increased. The ZFC (zero-field-cooled) curve is for the sample initially cooled in zero field and then measured in 5
Oe. The origin of the characteristic peak in the ZFC curve and the monotonic decrease in the FC curve is typically attributed to the presence of a distribution of particle sizes that gives rise to a corresponding distribution in relaxation times, according to Eq. (3). For the FC curve, initially the magnetic moments of the particles are frozen along the field direction as they are cooled in the presence of an external field. This gives a large total magnetization at the lowest temperature. With increasing temperature, some particles have short enough~so that the moment fIips many times during the measurement time so that nothing is contributed to the net magnetization. The portion of such particles becomes larger with increasing temperature. Therefore, a decreasing total magnetization is observed. The peak in the ZFC curve can be understood in a similar way. The small applied field at the lowest temperature does not change the direction of the initially frozen moments in random directions. In other words, the relaxation time~for most of the particles is much larger than the measurement time at the lowest temperature. As the temperature is initially increased, a portion of the particles M"(t) =C -5 lnt, (4) where the constant 5 is the magnetic viscosity, or a power law, (5) whose~is neither too large nor too small compared with the measurement time will align with the field during the measurement. This gives an initial increase in the net magnetization. With further increase of the temperature, the portion of the particles that align with the field changes according to the dependence of~on temperature. Then a peak in the net magnetization occurs at the temperature where the largest portion of the particles can align with the field. At even higher temperatures, most of the particles have short enough 7. in both the FC and ZFC cases that the two become indistinguishable. All of these features are observed in Fig. 3 . If the measurement time determines the temperature at which the peak occurs in the ZFC curve, the peak position should changes for different measurement times. Even if there is no particle size distribution, a peak should still occur in the ZFC curve, but it should be narrow because all particles will align with the field at the temperature that matches with the measurement time.
Up to this point, we have not considered interactions between particles. Magnetization behavior similar to that of and (ii) the system has a particular type of anisotropy. Explicit inclusion of interaction effects in the calculated yields a modified form of Eq. (3) that still retains its dependence on particle volume, ' ' although the field dependence will be modified, as will any estimates of the particlesize distribution. Therefore, the observation of characteristic FC and ZFC curves similar to those in Fig, 3 by themselves do not necessarily exclude the existence of either interaction effects or particle-size distributions.
Although the theoretical determination of~is not a trivial matter, as outlined by Aharoni, it is possible to measured irectly from experiment. The original thought experiment of Neel" suggested an ensemble of small particles put in a large field and then taken out to observe the remanent magnetization decay in time. If the decay follows the simple exponential form of Eq. (2), it is easy to determine r by fitting the experimental data. Shown in Fig. 4 is the result of one such measurement at 40 K. We first applied a field of 10 kOe, and then reduce the field to 1 Oe and measure the remanent magnetization as a function of time. The magnetization decreases only -20% over a 20-h time period. This is a slow relaxation behavior and indicates the stable nature of the system against thermal fIuctuations at this temperature. But the decay is not a simple exponential. Figure 4 shows the relaxation behavior plotted on a log-log scale. Apart from the initial decay before 10 min, the plot yields a straight line. ) where P(r) is the distribution function for r. Because it is impossible to obtain an analytical form of this integral with the usual Gaussian form for P(r), he instead used the Gamma distribution function and obtained a closed form for M"(t) which contains a modified Bessel function. ' Our attempt at using a Gaussian distribution function and numerical integration to fit Eq. (6) to the experimental data did not give satisfactory results, which implies that this analysis, which is restricted to a system of noninteracting particles, may not be adequate for our system. Unless the particles are extremely far from each other, there exists a long-range dipolar interaction between particles.
The calculation of superparamagnetic relaxation times in real systems of interacting particles is a complicated problem even in the limit of weak interactions. Logarithmic-type decay has been attributed to dipole-dipole interactions in frozen ferrofIuid systems rather than to the particle size distribution. Lottis et al. incorporated dipolar interactions into the system in the form of a demagnetizing field and were able to find a decay curve that either resembles a stretched exponential or is logarithmic, depending on the time scale. These models, however, neglect that a distribution of particle size may play an important role in determining the functional form of the decay even without interactions. Alternately, it was recently reported that even a single, isolated particle (that can have no possibility of interaction or sizedistribution effects) does not show the simple exponential decay suggested by Eq. (2). Therefore, lacking a reliable theoretical model, we tried to fit the data with both the logarithmic and power-law functions mentioned above. Figure 5 shows the temperature dependence of the parameters 5 and P in Eqs. (4) and (5) estimated that for a spherical Fe particle with only first-order crystal anisotropy, a particle 115 A in radius will have a relaxation time of 0.1 sec at room temperature and will reach thermal equilibrium almost instantaneously. But a particle 150 A in radius will have a relaxation time of 10 sec and will be extremely stable. The same arguments hold for the temperature dependence. One would expect a peak in the temperature dependence of the decay slope if the time window to measure the slope is fixed. In other words, if~is too large compared with the measurement time (where the start time is a few minutes after the field is turned off) there will not be much decay within the experimental time window; or if~is too short, most of the decay will have occurred before the measurement was performed. In fact, this is the same reason why a peak in the ZFC curve should occur even with no particle size distribution. Just as we observed a broad peak in the ZFC curve of Fig. 3 
